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Grazing incident X-ray diffraction and X-ray reflectivity have been performed on Langmuir monolayers of
low generation monodendrons containing a crown-ether polar group, azobenzene spacer, and varying number
of peripheral alkyl chains of 1, 2, 4, and 8. We observe that the cross-sectional mismatch between the bulky
polar head and the alkyl tails has a profound effect on the local ordering of the alkyl tails. It is found that the
alkyl chains in a single-tail molecule are significantly tilted away from the surface normal. The tilt is eliminated
in molecules with two or more alkyl chains where the cross-sectional mismatch is in favor of the peripheral
tails. The molecule with one tail possesses a supercell orthorhombic packing caused by structural
nonequivalency on the neighboring tails. The two- and four-tail molecules form a mixed structure best described
by a quasi-hexagonal unit cell, and the eight-tail molecule forms a more stable hexagonal unit cell. Peripheral
tails for these molecules are in standing-off orientation. We suggest that the steric constraints cause lower
correlations and a staggered packing structure of monolayers from the eight-tail molecule. We suggest that
branching alkyl tails off the same phenyl ring and the presence of the phenyl rings in the vicinity of the
branching are limiting factors on the chain packing at the air-water interface in monodendrons with multiple
peripheral tails. We conclude that a significant portion of the molecules is submerged in the water subphase
and possesses a “kink” shape.

1. Introduction

Dendrimers have become of great interest in recent years
because of their ability to organize into supramolecular structures
of various shapes and sizes.1,2 The structure of monodendrons
with appropriate amphiphilic balance between hydrophilic cores
and hydrophobic shells allows for the ordered organization of
the molecules at interfaces and surfaces in the form of self-
assembled or Langmuir monolayers. By varying the chemical
architecture of the branches and peripheral tails the interfacial
behavior and microstructure can be dramatically altered. The
stability of the dendrimer monolayers and their internal ordering
are directly related to the molecular dimensions of the hydro-
phobic and hydrophilic parts of the molecules.3

X-ray and neutron studies of Langmuir layers have been
extensively used for monolayers of simple amphiphilic mol-
ecules for decades.4 Recently, these techniques have been
exploited to study the structure of monolayers of complex
dendritic molecular architectures at the air/water interface.3,5 It
has been shown that simple amphiphilic molecules with
conventional polar heads (hydroxyl, carboxyl) and long alkyl
tails possess large angle tilts from the surface normal (18° to
40°) at very low surface pressures when the available surface
area per molecule far exceeds the 19-20 Å2 required for dense
packing of alkyl chains.6 However, the degree of tilt has been

closely linked to the surface pressure of the Langmuir layer.7,8

Chain tilt within a Langmuir monolayer is reduced or eliminated
completely as the pressure is increased and the layer transforms
from the low-pressure phase region to the high-pressure phase
region.9 The small tilt (5°-10°) still observed at high surface
pressure is caused by the minor mismatch between the molecular
dimension of the polar head and the alkyl tail and dense packing
of trans chains with collective chain shift.

Little focus has been directed at the intralayer packing of
alkyl tails when a significant cross-sectional mismatch occurs
between the headgroup of the molecule and/or when multiple
tails are attached to the same focal point. Bulky crown heads
attached to hydrophobic tails have been used in several cases.5,10

A phase transformation has been observed at higher pressures
and was associated with a structural transition from planar to
folded conformation of side chains.10 Changing the orientation
of crown heads from edge-on to face-on at the air-water
interface has been reported for multi-chain molecules. Bulky
crown-ether polar heads have been attached as the focal group
to monodendron molecules, and Langmuir monolayers have
been studied.11 It has been suggested that molecules lie
essentially flat at low surface pressures but form stable mono-
layers with standing chains at high surface pressures. The
authors focused on higher generation molecules where the
densely packed region contained the multiple tails of the
molecule and discussed data derived from electron density along
the surface normal.

Our previous work on monodendrons with bulky crown heads
has been devoted to the effect of the cross-sectional mismatch
on the properties of Langmuir and Langmuir-Blodgett lay-
ers.12,13 We demonstrated that loose packing of the focal
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azobenzene groups resulted in their reversible photoresponsive
behavior. Recently, X-ray reflectivity and X-ray grazing incident
diffraction (XGID) have been performed on Langmuir layers
of such molecules.14 We observed that for single-tailed mol-
ecules in a monolayer form, the alkyl tails tilt significantly to
account for the large cross-sectional mismatch and form double-
supercell lateral packing with orthorhombic symmetry. In the
present study, we focus on the expansion of that study
considering the one, two, four, and eight-tailed azobenzene
monodendron compounds.

2. Experimental Section

TheAD12-N (N represents the number of tails per molecule)
series of molecules is presented in Figure 1. All four molecules
have a crown-ether head attached to a photochromic group. The
synthesis and general characteristics were previously described
elsewhere.15 Monomolecular films were prepared by the Lang-
muir techniques on a temperature-controlled, Teflon trough.
During the synchrotron experiments, the trough was placed in
a helium environment to reduce the background scattering from
air and prevent an oxidation reaction that can damage the
monolayer. Monolayer preparation for the synchrotron studies
is described in detail in a previous publication.14

A combination of XGID (in-plane and rod-scans) and X-ray
reflectivity measurements was used to characterize the mono-
layer structure according to the known approach.16-18 Experi-
ments were conducted on the Ames Laboratory liquid-surface
diffractometer at the 6ID beam line at the Advanced Photon
Source synchrotron at Argonne National Laboratory. Details
regarding X-ray reflectivity and XGID and the experimental
setup are described elsewhere.14,19 A downstream Si double

crystal monochromator was used to select the X-ray beam at
the desired energy (λ ) 0.772 Å).

The box model was used to determine the electron densities
across the interface and to relate them to the molecular
arrangements of the molecular fragments at the interface.20 The
box model consists of slabs of differing thickness and electronic
density stacked above the water subphase with known electron
density (0.33 e/Å3). The interfaces are smeared to account for
the surface roughness and thermal vibrations. The arrangement
of the molecular segments can be determined from the length
and electron density of the boxes via direct comparison with
molecular models. The reflectivity used to fit the experimental
data was calculated from

where theRo(Qz) is the reflectivity from steplike functions and
σ is the surface roughness.

Rod scans along the surface normal at the 2D Bragg’s
reflections were measured to determine the form factor of the
diffracting objects. The intensity was quantitatively analyzed
along the 2D Bragg reflection rod by using the framework of
the distorted wave Born approximation (DWBA)21

where t(kz,f) is the Fresnel transmission function which gives
rise to the enhancement around the critical angle of the scattered
beam. The Fresnel transmission function is defined askz,f ) k0

sinâ, wherek0 is 2π/λ andâ is the angle of the scattered beam
with respect to the surface. The alkyl tails were modeled as
cylinders of a lengthl and a fixed radius equal to the cross-
sectional radius of alkyl chains. In simulation of the rod scans,
the length and tilt of the tails were varied, and the intensity
was adjusted for two tilt directions: one toward nearest
neighbors (NN) and the second toward next NN (NNN).22 The
form factor for the tails is given by

whereQz′ is defined along the long axis of the tail.
Molecular models were built with a Cerius2 3.8 package on

a SGI workstation by using the Dreiding 2.21 force field library.
Molecular models were treated with a molecular dynamics and
a minimization procedure to obtain conformations with mini-
mized energy. The alkyl tails were densely packed using
parameters deduced from experimental data to analyze possible
steric restrictions and the ability of the molecules to adapt the
molecular packing proposed.

3. Results and Discussion

Surface-Pressure versus Molecular Area (π-A isotherm)
Behavior. All molecules presented in Figure 1 form stable
monolayers at the air-water interface, as was discussed in detail
in a previous publication.12 Upon compression, the surface
pressure increases as the molecular area of the monolayer
decreases, resembling classic amphiphilic behavior. The cross-
sectional area for the crown-ether head in flat-on orientation at
the interface is determined to be 45 Å2. Figure 2 shows the
observed surface area per molecule and the calculated cross-
sectional area per tail for the four molecules. The molecular
area determined from pressure-area isotherms for the one-,
two-, four-, and eight-tail compounds is 43, 48, 77, and 155
Å2, respectively (Figure 2). For one- and two-tail molecules,
the observed cross-sectional area per tail is larger than 20 Å2,

Figure 1. Dendrimer compounds studied.AD12-N corresponds to the
compound withN peripheral tails.

R(Qz) ) Ro(Qz)e
-(Qzσ)2

(1)

I ∝ |t(kz,f)|2 |F(Qz)|2 (2)

F(Qz′) ) sin(Qz′l/2)/(Qz′l/2)
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the typical cross-sectional area of a single alkyl tail.7 However,
for monodendrons with four and eight tails, cross-sectional area
per tail decreases to about the expected value (Table 1). As
discussed earlier,12,13 the molecular area of lower generation
monodendrons is determined by the crown-ether polar head,
while the molecular area of the higher generation is dictated
by the alkyl tails.

X-ray Diffraction Analysis of Intralayer Order. For the
low-pressure region of theπ-A isotherm, theAD12-1 mono-
layer produces no peaks visible in the diffraction pattern as
shown in Figure 3a. Upon reaching the higher-pressure region
of the isotherm, three peaks become visible. The peaks are
associated with the (1,1/2), (1,1), and (2,0) peaks of an
orthorhombic supercell described in detail in an earlier publica-
tion.14 The d spacings of the three peaks are 6.26, 4.40, and
3.94 Å, which correspond to a unit cell of 7.88 by 5.29 Å (Table
1). The mismatch in the cross-sectional area of the crown head
and a single alkyl tail allows for the packing of the monolayer
on the surface to be dictated by the polar head while allowing
the tails to tilt to compensate for the mismatch. Scans obtained
under higher reflection angle presented in Figure 3b confirm
the tilted orientation of the densely packed tails by the gradual
select disappearance of the (1,1) peak at a higher reflection
angle, as expected for next-next neighbor tilt mode.22

Increasing the number of alkyl tails from one to two changes
the molecular area determined from theπ-A isotherm slightly,
but greatly changes the diffraction pattern (Figure 4a). Two well-
defined peaks appear for theAD12-2 monolayer at both low
and high pressures. At higher surface pressure, these peaks

become more intense and an additional intermediate peak
appears. The higherQ region appears to have a weak peak that
can be refined to a third peak. Thed spacings of the three peaks
on this plot (and for all other compounds) were obtained from
high-resolution scans by using data fit with Lorentzian functions.
The obtained values were 8.62, 4.71, and 4.22 Å (Table 1).
The intensity of first two peaks is too low to be used in the
calculation of the unit parameters and could originate from a
mixed intramonolayer structure. Therefore, we indexed only the
most intensive peak as the (1,0) reflection of the hexagonal
lattice with the lattice parametera ) 4.87 Å (Figure 4b, Table
1). This unit cell gives the surface area of 20.6 Å2 per alkyl
tail, which is close to that for the first generation (Figure 2).
The width of the diffraction peak indicates disordering of the
unit cell. The hexagonal structure appears to be an intermediate
stage between the previous supercell orthorhombic unit cell of
the lower generation and an ordered hexagonal unit cell for
higher generation molecules (see below). Figure 4b shows the
high-resolution diffraction scans of theAD12-2 monolayer
obtained at different reflection angles. All diffraction peaks
disappear upon the slight increase of the reflection angle, leading
to the conclusion that the tails are in standing-off orientation
for this molecule, unlike the molecule with one tail,AD12-1.

The diffraction pattern for the compound with four alkyl tails,
AD12-4, unlike the two previous compounds, displays only
one intensive peak, even at the lowest surface pressure (Figure
5a). The presence of the peak indicates the formation of dense
lateral packing of the alkyl tails within the monolayer. The peak
position at 1.50 Å-1 corresponds to 4.18 Åd spacing. From
the broad single peak, a quasi-hexagonal unit cell was calculated
with a 4.83 Å side and 20.1 Å2 area per chain (Table 1). The
broadness and asymmetry of the peak indicates the single peak
can be refined into two overlapping peaks shown in Figure 5b.

Figure 2. Variation of observed cross-sectional area per molecule
(circles) and the cross-sectional area per tail (triangles) for theAD12-N
series.

TABLE 1: Structural Parameters of the Langmuir
Monolayers from Different Dendrimer Compoundsa

stearic
acid AD12-1 AD12-2 AD12-4 AD12-8

d-Spacings, (Å)
peak 1 6.26 8.62
peak 2 4.24 4.40 4.71 4.18 4.17
peak 3 4.18 3.94 4.22

Unit Cell Parameter
a (Å) 8.36a 7.88 4.87 4.83 4.82
b (Å) 4.83a 5.29
area per chain (Å2) 19.7 20.8 20.6 20.1 20.1
chain tilt (°) 16.5 ∼58° 4° 3° 4°

Correlation Length, (Å)
peak 1 192
peak 2 57 165
peak 3 71 171 35 28 37

aThe values for stearic acid were taken from Peterson et al.23

Figure 3. Diffraction patterns ofAD12-1 for (a) the whole observed
range ofQxy at three surface pressures, and (b) the high-resolution scans
upon increasing the detector away from the horizon (â); solid lines are
Lorentzian fits. The original intensities are offset for clarity.
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As with theAD12-2 monolayer, the diffraction peaks disappear
as theâ angle is increased (Figure 5b), indicating upright
orientation of the alkyl tails similarly toAD12-2 and in contrast
with AD12-1.

One sharp peak is present in the diffraction pattern for
AD12-8 atQ ) 1.50 Å-1 for all three surface pressures (Figure
6a). The single peak leads to the calculation of a hexagonal
unit cell with a length of 4.82 Å and the surface area of 20.1
Å2 per alkyl tail (Table 1). This unit cell is nearly identical to
the AD12-4 unit cell but appears to indicate a more regular
hexagonal packing structure with limited short-range ordering
rather than the hexagonal structure of the previous two genera-
tions. The diffraction peak disappears as theâ angle is increased
(Figure 6b), indicating tails that are normal to the surface similar
to two- and four-tail molecules.

Figure 7 shows the comparison of the diffraction patterns
for the highest pressure of all monolayers from the four
compounds with different number of alkyl tails. Two diffraction
peaks observed in the 1.4-1.6 Å-1 region confirm the formation
of the orthorhombic unit cell with parameters shown in Table
1. The molecule with one tail has an additional peak that
indicates a supercell packing of the alkyl tails caused by steric
limitations imposed by their attachment to the polar head (Figure
8). The necessity to pack bulky polar groups beneath the alkyl
sublayer may result in structural nonequivalency on the neigh-
boring tails, causing the effect observed. Simple fatty acids such
as stearic acid have been used as comparisons for more complex
systems because their chemical structure allows for simple
models to describe their packing structures (Figure 8).7,23 The
small cross-sectional mismatch between the carboxyl headgroup
and a hydrocarbon chain, generally, causes a slight tilt in the
NN direction.23 At lower and intermediate surface pressures,

the tilt angle is in the range of 15-30°. Peterson et al. calculated
the area per tail for stearic acid to be between 19.5 and 20.0 Å2

for higher pressures, smaller than the cross-sectional areas
calculated forAD12-1 andAD12-2 but close to that observed
for AD12-4 andAD12-8 (Table 1).23

The effective cross-sectional area per tail drops when four
or more tails are attached to the polar fragment (Table 1, Figure
2). For molecules with multiple chains, the alkyl tails are
oriented along the surface normal, unlike the molecule with a
single chain with a large tilt of the alkyl tails. For these
compounds, the total cross-sectional area of the alkyl tails is
much higher than the molecular area of the polar head. Thus,
the loosely packed polar heads do not distort the dense packing
of the alkyl chain, although the intralayer correlations diminish
significantly (Table 1).

Indeed, the correlation lengths calculated for the diffraction
peaks for each compound show an interesting trend (Table 1).
The molecule with the most ordered (highest correlation length)
intralayer packing isAD12-1, although the calculated lengths
are close to the resolution limit. The correlation length is reduced
dramatically for the two-tail compound and is further reduced
for the four- and eight-tail compounds. This decrease is
obviously caused by the steric conflicts within branched tails.
Multiple tails attached to a single core must stagger in their
packing in order for them to fit in the single monolayer. We
suggest that branching the alkyl tails off the same phenyl ring
and the presence of the irregular phenyl rings within the
monolayers are limiting factors on the propagation of the
positional ordering of the peripheral alkyl tails.

Rod scans of selected diffraction maxima confirm the
conclusion about different orientations of the alkyl tails for
different compounds. Rod scans and corresponding fit for all
three diffraction peaksAD12-1 have been previously dis-

Figure 4. Diffraction patterns ofAD12-2 for (a) the whole observed
range ofQxy at three surface pressures, and (b) the high-resolution scans
upon increasing the detector away from the horizon (â); solid lines are
Lorentzian fits. The original intensities are offset for clarity.

Figure 5. Diffraction patterns ofAD12-4 for (a) the whole observed
range ofQxy at three surface pressures, and (b) the high-resolution scans
upon increasing the detector away from the horizon (â); solid lines are
Lorentzian fits. The original intensities are offset for clarity.
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cussed.14 The (1,0) peak for the two-tail compound indicates
the tails are tilted four degrees in the NN direction. The two
lower Q value peaks forAD1 to 2-2 were excluded from the
rod scan analysis since they could not be indexed properly and
the lower intensity of the peaks limited accuracy of the rod
scans. The results for the (1,0) peaks for higher generations show
the tails tilted insignificantly, only three to four degrees from
the surface normal. Representative data for rod scans and the
corresponding fits for each sample are shown in Figure 9, and
the tilting angles obtained from these fits are presented in Table
1. The results show that tails are in virtually standing-off position
for all compounds with multiple tails and the single-tail
compound has a tilt angle as high as 58°.

X-ray Reflectivity Studies. Reflectivity data provides com-
plimentary information on the packing of molecules at the air/
water interface by revealing electron density distribution along
the surface normal. Figure 10 shows the reflectivity data and
the corresponding fits forAD12-1 andAD12-8 at the highest
pressures, which is representative of allAD12 compounds. The
lower three generations can be fit using two box models at all
pressures (Table 2). The eight-tail molecule was fit better using
a three-box model. All compounds have total lengths for the
molecules at the air/water interface lower than estimated from
extended conformation in standing orientation that is consistent
with molecule tilting and conformational disorder of the
molecular fragments. The monolayers show lower densities as
compared to electron density for densely packed tails is 0.33
e/Å3 that indicates defective monolayer structure in the form,
e.g., of clustering within the monolayer.

We observed a level of hydration of the molecules studied
by estimating the total number of electrons present in the box
models. The total number of electrons per unit cell can be
estimated from:NREF ) A∫F(z) dz, whereA is the molecular

Figure 6. Diffraction patterns ofAD12-8 for (a) the whole observed
range ofQxy at three surface pressures, and (b) the high-resolution scans
upon increasing the detector away from the horizon (â). The original
intensities are offset for clarity.

Figure 7. Comparison of the observed diffraction patterns of the all
dendrimer compounds at the highest surface pressure. The original
intensities are offset for clarity.

Figure 8. The unit cells ofAD12-1 (solid line, half of supercell),
AD12-2 (dashed line),AD12-4 andAD12-8 (dotted line) obtained
in this work in comparison with the unit cell for alkyl tails (hene-
icosanoic acid7) (dash dotted line).

Figure 9. Representative rod scans for the main diffraction peaks at
the highest pressure labeled with a sample name. Solid lines are the
best fits. The intensities were offset for clarity.
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area extracted from theπ-A isotherm. Table 2 shows the lengths
and densities of the box models for all molecules at the highest
pressure along with the calculated roughness and error in the
measurements. The higher than expected electron density for
the polar fragment gives rise to the idea of water inclusion in
the polar head box, creating a hydration sphere. However, the
statistical uncertainty does not allow for calculation of the total
number of water molecules included in the present models.

All generations show a trend of the polar head and azobenzene
spacer group adapting a tilted behavior beneath the water
surface. For the first three compounds, the tilt angle is close to
50° from the surface normal but increases to 63° for AD12-8.
The lower than expected thickness of the box model cannot be
completely explained by the tilted structure of the molecular
fragments or the calculated errors in the model. The effective
thickness measured by X-ray reflectivity is averaged over the
entire sample area and is not an absolute measurement of the
monomolecular film. Therefore, a heterogeneous film structure

with domains is suggested with a lower effective thickness than
a complete film. Indeed, domain surface morphology has been
observed for monolayers transferred on a solid substrate.12,13

Molecular Packing. Here we discuss models of molecular
packing for all compounds considering all experimental data
acquired (Figure 11). First, we observed that the peripheral tails
of a single-tail moleculeAD12-1 are highly tilted with an
approximate tilting angle of 58° from the surface normal. The
origin for this tilt came from the large cross-sectional mismatch
between the bulky polar head and the single alkyl tail. In
contrast, for molecules with multiple tails, the rod scans show
minuscule tilts from the surface normal and thereby substantiates
the conclusion made from the X-ray diffraction data on the
standing tails. The rod scans and the diffraction patterns agree
that the tails for the higher generations are orientated along the
surface normal, but the box model gives a smaller tail length
due to, probably, the fact that the first several carbon atoms of
the tails are submersed in the water subphase (Figure 11).

We suggest that the origin of the second tail box in the three-
box model for moleculeAD12-8 arises from the staggering of
the peripheral tails. Rod scans and diffraction data indicate the
tails are oriented along the surface normal but each tail is
tethered to a phenyl ring that has another alkyl tail attached
(Figure 1). The nature of the branching structure hinders the
close packing of the tails without reorganization in the molecular
structure as was tested on molecular models. The larger phenyl
rings at different branching points have to adjust to the space
constraints as the tails try to organize in the unit cell. The first
and second carbon atoms of the alkyl tails are closely associated
with the phenyl ring branching structure. The tilt angle originates
at this site, thereby forcing the carbon atoms to be partially
associated with the headgroup. The standing-off tails probably
begin around the third carbon of the alkyl tail, thereby explaining
the short box that correlates with the tails. For all molecules,
the head and azobenzene box was considerably shorter than
expected, leading to the suggestion that the group is tilted
significantly away from the surface normal forming “kink”
configuration (Figure 11). Taking the arccosine of the measured
length divided by the molecular model length of the group, an
angle of 48° to 51° for the first three generations was calculated
while the angle was increased for the highest generation to 63°.
All models show the headgroups fully submerged in the
subphase, but exact arrangement of the polar crown heads could
not be deduced from the data collected.

All amphiphilic monodendrons with peripheral alkyl tails
form ordered intralayer packing at the air/water interface.
AD12-1 packs in a supercell orthorhombic unit cell despite
the irregularly large tilt angle of the alkyl tails. TheAD12-2
packs in a hexagonal unit cell with additional lowerQ peaks,
suggesting a mixed structure but with tails oriented along the
surface normal.AD12-4 andAD12-8 also form a hexagonal

TABLE 2: Fitting Parameters from the Box Models Used to Fit the Reflectivity Data for All Four Compounds at the Highest
Pressurea

AD12-1 AD12-2 AD12-4 AD12-8 uncertainties

head length (Å) 12.9 16 21.1 9.9 (3.0
head density (e/Å3) 0.41 0.40 0.38 0.39 (0.02
first tail box length (Å) 13.6 (3.5
first tail box density (e/Å3) 0.34 (0.03
second tail box length (Å) 7.5 11.5 11.3 8.2 (2.0
second tail box density (e/Å3) 0.24 0.28 0.28 0.10 (0.04
total length (Å) 20.4 27.5 32.4 31.7
fully extended length (Å) 35 37 43 48
roughnessa (Å) 2.7 4.7 3.8 3.4 (0.3

a Roughness is for all transitions between the elements of the fitting model. Taken as an identical parameter for all interfaces.

Figure 10. X-ray reflectivity and corresponding density distribution
models for Langmuir monolayers from (a)AD12-1 and (b)AD12-
8. Solid lines represent the best fit. Box models and smeared electron
density distributions are shown in insets.
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lattice. The three highest generations display clear upright
orientation of alkyl tails. X-ray reflectivity data indicate the head
and azobenzene groups packed in a tilted formation below the
water surface for all four compounds, with the highest generation
molecule having the largest degree of tilt. The highest generation
appears to pack in a stagger pattern due to stearic limitations
placed on the tails.

We should note that we have not observed any indications
of a phase transition from flat-on to stand-off arrangement of
hydrophobic tails at different surface pressures. Rather, at low
surface pressure (“gas phase”) we observed no indications of
molecular ordering with ordered monolayer forming only at high
surface pressure. We attribute this behavior to the chemical
architectures of monodendron molecules with hydrophobic tails
attached to the crown polar head at a single point. Indeed, this
architecture does not provide for the driving forces, which can
act in favor of flat-on orientation of crown heads as was
suggested for several crown-containing amphiphilies.10 Instead,
“kink” structure is formed with polar head with azobenzene
spacer being submerged in water in tilted conformation (Figure
11).

Similarly, no flat-on orientation of the polar crown heads was
observed for monodendrons studied recently by Pao et al.11 The
authors varied the number of branches (up to 9 peripheral tails)
and the distance of the tails from the branching point and
analyzed the density distribution along the surface normal. The
smallest cross-sectional mismatch studied in this work was close
to 2:1. The model presented in ref 11 showed the alkyl tails
extended from the water surface with rodlike behavior while
the branching and polar groups extend into the water at an angle
away from the surface normal. The presence of large voids
between the domains of the tails on a single molecule was also
suggested. The area per peripheral alkyl tail determined from
π-A isotherms was significantly larger than that expected for
a single alkyl chain (26-36 Å2) and was attributed to the
presence of the bulky phenyl rings. This is in contrast with our
studies with cross-sectional area per tails reaching 20 Å2 despite
the phenyl rings presence and indicates a truly ordered state of
the peripheral tails despite their branching.

We suggest that the presence of the long spacer (azobenzene
group) between the polar head and the peripheral groups is
instrumental in the ability of low-generation amphiphilic mono-
dendrons to form ordered intramonolayer organization. A
common structure for multi-tails molecules is hexagonal packing
of standing-off alkyl chains and with correlation length close
to 40 Å. To adopt this dense packing under constraints imposed
by the polar heads and chemical branching, a significant portion
of the molecules is submerged in the water subphase forming
a “kink” configuration while standing tails adapting staggered

arrangement to fulfill constraints imposed by the chemical
attachment to different branching points.
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